Frogs are well known model systems in the study of communication for investigating the influences of noise on both signaling behavior and auditory processing. The best-studied frogs in this regard are two sister-species in the Hyla versicolor species complex (H. versicolor and H. chrysoscelis). Males of both species produce loud, pulsatile advertisement calls that function to attract females. In the competitive social environment of a breeding chorus, males commonly shift to producing longer calls (with more pulses) at slower rates when the level of competition increases. These behavioral modifications can be evoked in controlled laboratory experiments using playbacks of calls and chorusshaped noise. In contrast to birds and mammals, however, there is no evidence that males increase the amplitude of their vocalizations (the Lombard Effect) in response to increasing noise levels. In addition, current evidence suggests that males do not necessarily profit significantly from producing longer calls at slower rates in terms of increasing their overall attractiveness to females, overcoming interference by overlapping calls, or increasing the detectability of their calls in noise. Despite the robust and directional nature of call modifications in noise, the evolutionary function of these modifications remains obscure.
INTRODUCTION
Animals often communicate acoustically under challenging conditions of high background noise levels (Brumm and Slabbekoorn, 2005; Brumm, in press ). This noise may stem from features of the abiotic environment (e.g., running water: Narins et al., 2004) , the signals of other nonhuman animals (e.g., insects: Römer, in press; frogs: Vélez et al., in press) , and increasingly, from sounds generated by human activities (e.g., Slabbekoorn and Peet, 2003; reviewed in McGregor et al., in press ). Noise can act as a potent source of selection on communication systems, affecting both the behavior of signalers and the perceptual and cognitive machinery of signal reception. Not surprisingly, both signalers and receivers exhibit adaptations to cope with noise. One class of such adaptations is the ability of signalers to modify their signals in noisy conditions so as to improve the probability of signal detection, recognition, or localization by receivers.
Anuran amphibians (frogs and toads) are well know for communicating in dense social aggregations ("choruses") in which background noise levels can be remarkably high (Narins and Zelick, 1988; Gerhardt and Huber, 2002; Bee, 2012; Schwartz and Bee, in press; Vélez et al., in press ). Males commonly aggregate near suitable breeding habitat (e.g., ponds, lakes, streams) and produce loud "advertisement calls" (Wells, 1977) to attract females and to repel rival males. The calls of individual males can be quite loud, exceeding 100 dB peak sound pressure level (SPL re 20 µPa) at a distance of 1 m in many species (Gerhardt, 1975; Penna and Solís, 1998) . Within choruses, sustained sound levels exceeding 90 dB SPL have been reported in some species (Narins, 1982) . Male frogs are well-known for adjusting the timing of their calls to deal with high noise levels and the calls of nearby frogs (reviewed in Schwartz and Bee, in press ); in many instances, the precision of these adjustments can only be described as remarkable (Brush and Narins, 1989; Grafe, 2003) .
Gray Treefrogs
In this paper, we briefly review previous studies of call modification in noisy, competitive social environments in the gray treefrog complex (Fig. 1 ). This cryptic species complex comprises two species, the diploid Hyla chrysoscelis (Cope's gray treefrog) and its descendent tetraploid sister species Hyla versicolor (the eastern gray treefrog). The acoustic communication system of these two species is among the best studied in frogs in terms of species recognition, sexual selection, and the problem of noise and acoustic competition in choruses (reviews in Gerhardt, 2001; Gerhardt and Huber, 2002; Bee, 2012; Schwartz and Bee, in press; Vélez et al., in press ). As illustrated in Fig. 1 , males of both species produce short advertisement calls, typically about 1 s or less in duration, comprising a series of pulses delivered at species-specific rates (≈35-50 pulses/s in H. chrysoscelis and ≈15-20 pulses/s in H. versicolor). In both species, each pulses has acoustic energy at two spectral peaks, with frequencies (and relative amplitudes) of about 1000-1400 Hz (-6 to -10 dB) and 2000-2800 (0 dB); frequencies are slightly lower in H. versicolor. The calls of both species are produced at RMS amplitudes ranging from about 85 to 95 dB SPL at distances of 1 m (Gerhardt, 1975) . Here, we highlight descriptive and empirical work that has investigated the modifications males make to their pulsatile calls in noisy or acoustically competitive environments and the potential benefits of those modifications. 
CALL MODIFICATIONS

Call Duration
Numerous studies have now reported that male gray treefrogs of both species increase the duration of their calls by adding pulses in more noisy or competitive social environments. For example, Wells and Taigen (1986) reported that males of the tetraploid H. versicolor calling in more dense (and presumably more noisy) parts of the chorus produced longer calls than isolated males calling from more sparse parts of the assemblage. In a field playback experiment, they showed that males produced longer calls when they were stimulated by the calls of a simulated nearby rival. Schwartz et al. (2002) replicated this same basic result in a "mesocosm" experiment in which choruses of up to eight males were established in an artificial pond constructed in a greenhouse. As males were removed from larger choruses, the remaining males tended to decrease the duration of their calls. More recently, similar results also have been reported for the diploid H. chrysoscelis. Love and Bee (2010) showed in a laboratory playback experiment that males produced calls with increasingly more pulses as background noise levels increased from 30 dB to 70 dB. Ward et al. (in review) replicated and extended this result showing that males increase call duration in response to playbacks of both chorus noise and individual neighboring males.
Call Rate
Studies have generally reported that the increases in call duration that occur in the presence of noise or acoustic competition are concomitant with decreases in call rate under these conditions (Wells and Taigen, 1986; Schwartz et al., 2002; Love and Bee, 2010; Ward et al., in review) . In their field study of H. versicolor, Wells and Taigen (1986) reported that isolated males called at higher rates than males calling in more dense parts of the chorus. Grafe (1997) reported a similar negative correlation between call rate and call duration in his study of H. versicolor. Reichert and Gerhardt (2012) also found a trade-off between call rate and call duration in their study of forced interactions between two nearby calling males. Acoustic playbacks also induced males of this species to call at slower rates (Wells and Taigen, 1986 ). In the mesocosm study of Schwartz et al. (2002) , males called at relatively slow rates in large artificial choruses and at increasingly faster rates as the size of choruses was experimentally reduced. In laboratory playback studies with H. chrysoscelis, Love and Bee (2010) and Ward et al. (in review) found that males called at relatively slower rates (compared with quiet conditions) when they were stimulated by chorus noise.
Call Effort
Call effort (sometimes referred to as pulse effort) is a composite measure that refers to the duty cycle or total "on time" of male calling. It is the arithmetic product of call rate (calls/min) and call duration (pulses/call) and in gray treefrogs is measured in units of pulses/min. Although males actively modify call rate and call duration in the presence of noise or acoustic competition, these modifications just offset one another so that there is usually little change in overall call effort (Wells and Taigen, 1986; Schwartz et al., 2002; Love and Bee, 2010; Ward et al., in review) . The consensus view is that call rate and call duration negatively covary due to energetic constraints on calling performance. Hence, despite modifications to both properties, call effort often remains unchanged. However, sometimes males are capable of breaking the trade-off under select conditions in choruses (by producing relatively long calls at relatively fast rates), for example when two males compete directly over a calling site (Reichert and Gerhardt, 2012) or when a female approaches and touches a male to solicit mating (Fellers, 1979; Schwartz et al., 2001) .
Call Amplitude
The 'Lombard Effect,' which refers to the tendency to increase voice amplitude in response to background noise, has so far been demonstrated in several birds and mammals Zollinger and Brumm, 2011) . Thus far, however, only one study has investigated noise-dependent regulation of call amplitude in frogs. Love and Bee (2010) found in a laboratory study that males of H. chrysoscelis did not modify their call amplitude across conditions that included both quiet and a 30-dB range of background noise. That is, male produced calls in quiet that had the same amplitude as those produced in noise. Moreover, the amplitudes at which males called were similar to those reported from a field study by Gerhardt (1975) . Schwartz has observed similar patterns in his studies of H. versicolor (J. J. Schwartz, unpublished data).
POTENTIAL BENEFITS OF CALL MODIFICATIONS
Increased Signal Attractiveness
In the presence of noise or acoustic competition, males dynamically shift to producing longer calls at slower rates. One hypothesis is that these modifications render a male's calls relatively more attractive in socially competitive environments without expending greater energy. In previous phonotaxis tests, females of both H. chrysoscelis (Gerhardt et al., 1996; Bee, 2008; Ward et al., in review) and H. versicolor (Klump and Gerhardt, 1987; Sullivan and Hinshaw, 1992; Gerhardt et al., 1996 Gerhardt et al., , 2000 Schwartz et al., 2001; Gerhardt and Brooks, 2009) preferred calls produced at higher rates and with more pulses when call effort was permitted to co-vary with these two signal components. Results generally have been more mixed when the call effort between test alternatives is held constant. For example, Gerhardt et al. (1996) showed that females of H. chrysoscelis in Missouri preferred faster calls at slower rates (equal call effort), whereas Ward et al. (in review) found that females in Minnesota generally showed no such preference. Some studies of the tetraploid H. versicolor have shown that females prefer longer calls at slower rates when call effort is equal (Klump and Gerhardt, 1987; Gerhardt et al., 1996; Schwartz et al., 2001) , whereas other studies of this species have failed to show such preferences (Sullivan and Hinshaw, 1992; Schwartz et al., 2008) . Possible reasons for these discrepancies between studies are discussed in more detail by Ward et al. (in review) .
Reduced Acoustic Interference
With increases in chorus density, the probability that the calls of a given male will be overlapped by those of another male also increases. For species of anurans with pulsatile calls, such interference not only may result in rendering signals more difficult to detect but also may corrupt features of calls, such as pulse shape and perceived pulse timing, that can be critical for call recognition by females (Schwartz, 1987; Schwartz and Gerhardt, 1995) . Many species of frogs have been shown to alternate calls or call elements with those of others (Schwartz and Bee, in press ). However, in a dense chorus avoiding interference is clearly difficult, if not impossible. One partial solution is for males to selectively adjust their call timing with respect to only their nearest and loudest neighbors while allowing their signals to overlap those other chorus members who are less potent sources of interference (Brush and Narins, 1989; Schwartz, 1993; Greenfield and Rand, 2000) . However, examination of patterns of call overlap among males of H. versicolor in the greenhouse-housed artificial pond demonstrated that, not only does acoustic interference increase with chorus size, nearby individuals suffer from higher levels of call overlap than more widely separated males (Schwartz et al., 2002) . To address this dilemma, Schwartz et al. (2001 Schwartz et al. ( , 2002 proposed the "interference risk hypothesis" (IRH). The idea is that males of H. versicolor, by shifting to longer calls under conditions with greater acoustic clutter, can, even if their call rates are lower, significantly improve the chances that within individual calls there will be a sufficient number of unobscured call pulses and interpulse intervals to attract a female. Critical to the hypothesis are the observations that, for this species, (a) overlapped calls are less appealing to females than are non-overlapped calls (Schwartz, 1987) and (b) females find very brief calls profoundly unattractive relative to longer calls (Gerhardt et al., 2000) . Schwartz et al. (2008) tested the IRH using filtered noise or bouts of calling as a source of interference and a range of call alternatives. Tests of female choice refuted the hypothesis unequivocally: under no experimental conditions with such acoustic backgrounds was there an increase in preference strength or significant discrimination for longer relative to shorter calls.
Improved Signal Detection Schwartz et al. (in press) also tested whether increasing call duration while simultaneously lowering call rate improved the ability of females of H. versicolor to detect advertising males within noise. Such might be the case because of temporal integration of sound energy within the auditory system (Dunia and Narins, 1989; Ronacher et al., 2000; Recanzone and Sutter, 2008) or because longer signals simply offer more opportunities for detection (Viemeister and Wakefield, 1991) . Consistent with expectations based on earlier work with these treefrogs, Schwartz and colleagues found that individual males in an artificial pond increased call duration and reduced call rate in response to elevations in the level of filtered background noise. However, using a phonotaxis assay in which noise levels, call durations and call rates were varied, they failed to find that longer calls were more easily detected by females than shorter calls with either a modulated or unmodulated noise background irrespective of whether or not call efforts were equalized. Noise levels at recognition thresholds were significantly higher when modulated rather than unmodulated noise was broadcast, indicating that under certain circumstances female treefrogs may exploit natural amplitude fluctuations of the chorus to detect the vocalizations of prospective mates (see also Bee, 2010, 2011, in press; Vélez et al., 2012) .
CONCLUSIONS
As the studies reviewed above indicate, male gray treefrogs modify some properties of their calls (call rate, call duration) but not others (call effort, call amplitude) as a function of background noise levels and acoustic competition with nearby neighbors. This general pattern of results is typically robust within studies and repeatable across studies of both species and by different researchers. However, despite the robustness and repeatability of these results on call modifications, efforts to understand the functional benefits of call modifications have produced more mixed results. Thus far, there is little support for the hypotheses that males modify their calls to reduce acoustic interference or increase signal detection. The hypothesis that dynamic signal modifications in choruses function to make male calls more attractive to males has received mixed support, with results varying across species and lineages. While considerable progress has been made toward understanding how males modify their calls in the presence of noise and acoustic competition, much work remains before we understand precisely why they make these modifications.
